The AP-1-binding sequences are promoter/enhancer elements that play an essential role in the induction of many genes in mammalian cells; however, the number of genes containing AP-1 sites remains unknown. In order to better address the overall effect of AP-1 on expression of genes encoded by the entire genome, a genome-wide analysis of the frequency and distribution of AP-1 sites would be useful; yet to date, no such analysis of AP-1 sites or any other promoter/enhancer elements has been performed. We present here our study of the consensus AP-1 site and two single-bp variants showing that the frequency of AP-1 sites in promoter regions is significantly lower than their average rate of occurrence in the whole genomic sequence, as well as the frequency of a random heptanucleotide suggesting that nature has selected for a decrease in the frequency of AP-1 sites in the regulatory regions of genes. In addition, genes containing multiple AP-1 sites are more prevalent than those containing only one copy of an AP-1 site, which again may have evolved to allow for greater signal amplification or integration in the regulation of AP-1 target genes. However, the number of AP-1-regulated genes identified in various studies is far smaller than the number of genes containing potential AP-1 sites, indicating that not all AP-1 sites are activated in a given cell under a given condition, and is consistent with the prediction by others that cellular context determines which AP-1 sites are targeted by AP-1.
Introduction
A remarkable fact in any given cell is that regulation of genes in the entire genome can be coordinated with such accuracy that homeostasis can be achieved during cell proliferation, differentiation, and development. Studies have demonstrated that the coordination between gene expression at different levels (transcription, mRNA stabilization, translation, etc.) and the interaction of different regulatory factors at each level enables cells to respond in a purposeful manner to the virtually infinite variety of developmental and environmental signals. One of the most important steps in gene expression is transcription. Transcription is controlled by the combinatorial action of multiple regulatory DNA elements in each gene (promoter/enhancers), and regulatory proteins (transcription factors) that interact with these DNA elements in the regulatory regions. Numerous short DNA sequences (promoter/enhancer elements) that are selectively recognized
Communicated by Toshihisa Takagi * To whom correspondence should be addressed. Tel. +1-858-784-8704, Fax. +1-858-784-8665, E-mail: jhan@scripps.edu by different transcription factors have been identified in mammalian genes. The completion of the human genome project has made it possible to determine the frequency and distribution of different promoter/enhancer elements throughout the entire genome and within the promoter regions of different genes. Although an understanding of how cellular regulatory machinery regulates all the genes encoded in the entire genome is a lengthy process that requires studies on all aspects of cellular functions, determination of the frequency and distribution of promoter/enhancer elements is an initial and informative step towards the ultimate understanding of how cells achieve a coordinated genome-wide response in transcription to different environmental and developmental cues. One of the promoter/enhancer elements that has been extensively studied is the activator protein-1 (AP-1) binding site. [1] [2] [3] In fact, the study of the AP-1 site and its regulatory factors played a pioneering role in the history of the elucidation of gene transcriptional regulation.
1,2
AP-1 was first identified as a transcription factor that binds to an essential cis-element of the human metallothionein IIa promoter.
1 Soon after, the binding site for [Vol. 12, AP-1 was also recognized as the TPA (tetradecanoylphorbol-13-acetate) response element (TRE) of several cellular and viral genes. 2 The consensus sequence of the AP-1 binding sites has been defined as TGA(C/G)TCA based on DNAase I protection analyses of TRE elements in diverse genes.
1,2 However, the AP-1-binding sites exhibit some degree of degeneracy. 4 It is now clear that gene transcription via the AP-1-binding site participates in the regulation of a variety of cellular processes including cell proliferation, cell differentiation, cytokine production, apoptosis and oncogenesis. [4] [5] [6] [7] The transcription factors known to bind AP-1 sites include jun family (c-Jun, JunB, and JunD) and fos family members. The jun family members can either form homodimers or heterodimers among themselves or dimerize with the fos family members. These homodimeric jun or heterodimeric jun-fos complexes can then bind to AP-1 sites, resulting in enhanced transcription. [4] [5] [6] [7] Moreover, it has also been shown that different jun or jun-fos dimers may have different DNA binding affinities for AP-1 sites and that minor sequence variations of these AP-1 sites may result in selective binding of either jun homodimers or jun-fos heterodimers.
4,8 AP-1 transcriptional activity is also known to be regulated by the protein levels and posttranslational modification of jun and fos family member proteins.
7 Furthermore, the JNK, Erk and p38 MAP kinase pathways have all been implicated in the regulation of either the protein levels of AP-1 transcription factors or phosphorylation of them, thus yielding a higher order of complexity in the function of the AP-1 regulatory sites. [9] [10] [11] Increasing the complexity of AP-1 regulatory site function still further is the growing number of AP-1-interacting proteins that have been identified, which are likely determinants of specific biological responses.
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In light of the significance of AP-1 sites, an evaluation of the frequency and distribution of AP-1 sites in the human genome and gene promoter regions should yield useful information for eventually understanding how cellular machinery controls the expression of genes encoded in the entire genome. We first analyzed the frequency and distribution of the consensus AP-1-binding site (TRE) and found that the frequency of TRE in promoter regions is significantly lower than the overall rate of occurrence in the genome as a whole, and the same is also true for the frequency of a random heptanucleotide. Because of the degeneracy in the sequences of AP-1 recognition sites, some variants of the consensus AP-1 site also play a role in AP-1-regulated gene expression. 4, 8 We therefore analyzed the frequency and distribution of two variants of the consensus AP-1 site and reached a similar conclusion to that drawn with the analysis of the consensus TRE sequence. Furthermore, we found that genes containing multiple AP-1 sites occur more frequently than would be predicted from an even distribution among AP-1 sitecontaining genes. Lastly, we showed that the two variants of TRE used in our analysis do, in fact, function as AP-1-binding sites, regulating gene expression in response to extracellular stimuli.
Materials and Methods

Analysis of AP-1 sites in human genome and
promoter regions of genes The Blast program in NCBI (bl2seq) was used to identify the frequency of heptanucleotide sequence TGACTCA (TRE), TGAATCA (termed A-TRE) and TGACTAA (termed AA-TRE). In order to identify 100% of the matches for the short heptamers, we set the parameter "expect" value to 10
9 . The blast against the AP-1 sites we selected was performed for sequences of each contig on all 24 human chromosomes. Since there are still gaps in the human genome database, there was a small portion of human genomic sequence that could not be analyzed. The promoters in the genes of randomly picked chromosomes 8, 13, 15, 18, 20, 21, 22 , X, and Y were analyzed using a 5-kb 5 sequence directly upstream of the transcription initiation site in each gene and blasted against each of the three AP-1 sequences we selected. A total of 2960 promoters have been analyzed. The pre-masked human genome service (http://repeatmasker.org/cgibin/AnnotationRequest) was used to obtain all repeat sequences from chromosomes 8, 13, 15, 18, 20, 21, 22 , X, and Y. These repeat sequences were then put into the BLAST align program (bl2seq) and blasted against either TRE, A-TRE or AA-TRE, with the "expect" value set to 10 6 and the "word size" value set to 7.
Statistical Analysis
Chi-squared tests were performed using the equation
2 /E to determine whether observed frequencies (O) differed from expected frequencies (E). Chisquared values above standard critical Chi-square values for a significant probability level (i.e., 0.05) indicate a deviation from expected frequencies. Correlation analyses were calculated using the equation γ = (Σxy−(ΣxΣy/n)
where γ is the Pearson correlation coefficient and n is the number of chromosome samples. Pearson correlation coefficients indicate the strength of a linear relationship with −1 equal to perfect negative correlation and +1 equal to perfect positive correlation. The Mann-Whitney Test (U) was used to determine whether two populations differ with respect to central tendency using the equation U a =n a n b +n a (n a +1)/2−ΣR a where n equals the number of samples from respective group and ΣR a equals the sum of the ranks from sample a. The populations differ if the smaller of the calculated values of U is equal to or smaller than the table value at the desired level of α (i.e., 0.05 or 0.001). Z-Scores were calculated to determine how far from the mean, in terms of standard deviations, our observations lie using the equation Z=(χ−µ)/σ, where equals the mean and σ equals the standard deviation. With a negative Z-score, the observation lies below the mean and with a positive Z-score, the observation lies above the mean. Confidence intervals (95%) were calculated using the equation =1.96 16 where p x equals the TRE percentage, and n equals the number of analyzed promoter regions.
Reporter vectors
HindIII-Bgl II oligonucleotides containing seven repeats of TRE, A-TRE, or AA-TRE were inserted into a cis-reporter backbone (Stratagene, San Diego, CA). 
Cell culture and transfections
RAW 264.7 cells were maintained in Dulbecco modified Eagle medium plus 10% fetal bovine serum. All plasmid DNA used in transfection experiments was prepared using CsCl 2 -gradient ultracentrifugation. Any potential LPS and other bacterial sugar/lipid contamination was subsequently removed with Endotoxin Removal Affinity Resin (Associates of Cape Cod, Falmouth, MA). Transfection of RAW 264.7 cells was achieved through the calcium phosphate precipitation technique and included glycerol shock. An empty pcDNA3 vector was used to normalize the amount of total DNA used in each transfection to 3 µg/well in 6-well plates. LPS (10 ng/ml) or TPA (100 ng/ml) was applied 24 h after transfection for different time periods, as indicated in Fig. 1 . The cells were washed in PBS before harvesting, and resuspended in 100 µl of a reporter lysis buffer (Promega, Madison, WI). Lysed cells were briefly centrifuged, and the relative strength of reporter induction was calculated by measuring the luciferase activity of the supernatant using a luminometer in a luciferase assay reagent (Promega). Transfection efficiency was normalized by co-transfecting cells with an expression plasmid containing a CMV promoterdriven β-galactosidase reporter. β-Galactosidase activity was measured by using the chemiluminescent assay Galacto-Light (Tropix, Bedford, MA) or by using Onitrophenyl-β-D-galactopyranoside (ONPG) as follows: 20 µl of lysis supernatant was added to 80 µl of 3.5 mM ONPG solution, incubated at 37
• C for 30 min, and absorbance was measured at 405 nm.
Results
Frequency of consensus AP-1-binding site (TRE)
in the human genome In order to better assess the contribution of AP-1 transcription factor in overall gene expression, we thought to analyze the frequency and distribution of AP-1 binding sites in the human genome. Since TRE is a doublestranded DNA sequence that reads 5 -TGACTCA-3 and the other strand 5 -TGAGTCA-3 , we designated them as TRE-f (for forward), and TRE-r (reverse). We analyzed the frequency of TRE-f and TRE-r sequences of TRE independently in each of the 24 human chromosomes. As summarized in Fig. 1 , both TRE-f and TRE-r are similarly present in all human chromosomes based on the Chi-squared test (χ 2 =0.227 and 0.193, respectively, d.f.=1, P >0.05). Furthermore, there is a strong correlation between the frequency of TRE-f and TRE-r using the Pearson correlation test (γ =0.869, n=24, P <0.01), which is consistent with the fact that TRE-f and TRE-r are complementary sequences. The frequencies of TRE-f and TRE-r calculated for the entire human genome were 8.08×10
−5 and 8.12×10 −5 , respectively. Since the frequency of a random heptanucleotide with the same GC content as TRE is 6.52×10 −5 , based on the published data that genomic GC content is 41%, 14 the frequencies of both TRE-f and TRE-r are substantially higher than the frequency of the random heptanucleotide.
Frequency of TRE in promoter regions
The available human genome sequence has made it possible to analyze the frequency of TRE in the promoters of different genes. However, it would be very time consuming to analyze the promoters of each of the more than 30,000 genes in the whole genome. Since the genome-wide analysis of TRE sites yielded similar results in the frequency of TRE sites in different chromosomes ( Fig. 1) , an analysis of several chromosomes for the frequency of TRE sites in promoter regions should provide reliable information regarding the occurrence of TRE in all promoter regions. In order to obtain statistically reliable data we randomly picked chromosomes 8, 13, 15, 18, 20, 21, 22, X, and Y for an analysis. We analyzed all defined genes in each of these chromosomes for the frequency of TRE sequences in promoter regions. We selected a 5-kb sequence upstream of the predicted transcriptional initiation sites as the promoter region in our analysis. The frequencies of TRE in the 5-kb promoter region of genes in chromosomes 8, 13, 15, 18, 20, 21, 22, X, and Y were calculated and are shown in Fig. 2 . The distribution of TRE-f and TRE-r in the promoter regions of genes is similar in the chromosomes analyzed using the Chi-square test (χ 2 =0.728 and 1.431, respectively, d.f.=1, P >0.05). The overall frequencies of TREf and TRE-r are 5.95×10
−5 and 5.93×10 −5 , respectively. These are both 25% less than their frequency in the whole genome (8.08×10
−5 and 8.12×10 −5 , respectively). Since GC content in promoters may influence the frequency of TRE in the promoter regions, we measured the average GC content in the promoters analyzed in this study and found it to be 45.8%, which is almost the same as the value of 46% reported in a study of regulatory signals.
14 Therefore, the overall frequencies of TRE-f and TRE-r are also lower than the frequency of a random heptanucleotide (6.46×10 −5 ), based on a GC content of 46% in the promoter region.
We have analyzed statistical significance between the genomic frequency of TRE and the frequency of TRE in the promoter regions (Fig. 3) . The P -values of Chi square tests were all less than 0.05 when TRE-f (Fig. 3A) , TREr (Fig. 3B) or TRE-f+TRE-r (Fig. 3C) were analyzed, confirming that TRE has different frequencies in the promoter region compared with the whole genome. The same conclusion was obtained through a Mann-Whitney test. Thus, we concluded that the distribution of TRE is not uniformly distributed in the whole genome and the frequency of TRE in the promoter region is less than the overall frequency of TRE in the whole genome.
Frequency of TRE in repeat-masked sequences
Sequence repeats are found in varying abundance in most genomes. It is known that these repeats are distributed throughout the genome but their function is largely unknown. We used the pre-masked human genome service in the repeatmasker program (http:// repeatmasker.org/cgi-bin/AnnotationRequest) to obtain all repeat sequences from chromosomes 8, 13, 15, 18, 20, 21, 22, X, and Y and analyzed the frequency of TRE-f and TRE-r in these repeats. As shown in Fig. 4 , the distribution of TRE-f and TRE-r in the repeat-masked regions is similar among the chromosomes when analyzed using a Chi-square test (χ 2 =0.112 and 0.483, respectively, d.f.=1, P >0.05). The overall frequencies of TREf and TRE-r are 7.31×10 −5 and 7.26×10 −5 , respectively. These are higher than their frequency in the promoter regions (5.95×10
−5 and 5.93×10 −5 , respectively) and slightly lower than their frequency in the whole genome (8.08×10
−5 and 8.12×10 −5 , respectively). There is no statistical significance in the difference between the genomic frequency of TRE and the frequency of TRE in the repeat-masked regions as the P −values of Chi square tests are all above 0.05 when TRE-f , TRE-r, or TREf+TRE-r were analyzed.
Distribution of TRE in human genes
We calculated the percentages of genes that contain TRE in their promoter regions and summarized this data in Table 1 . Approximately 24% of the analyzed genes contain TRE in the forward direction and 24% in the reverse direction. The calculated frequency of TREf (or TRE-r) in the promoters we examined is 25.7% [1−(1−5.95×10 −5 ) 5000 ] if TRE-f (or TRE-r) occurred uniformly in different promoters. Assuming that the analyzed promoter regions (2960 out of ∼ 34,000 genes in whole genome) were randomly selected, we can extrapolate with a 95% confidence interval that 24%±1.5% of the gene promoters contained at least one TRE site 15, 16 (p x =0.24, n=2960). The Chi-square test also showed that the difference between 25.7% and 24% is not significant (P >0.05). Thus, the TRE sequences are evenly distributed among the promoters of different genes. , and X chromosomes and it is unclear whether the low frequency of TRE-r on the Y chromosome has any physiological significance. About 20% of TRE-f -or TRE-r -containing genes have more than one TRE-f or TREr, respectively. Since TRE-f and TRE-r are complementary sequences and function identically, the total number of TRE-f and TRE-r is more physiologically relevant. As shown in Table 2 , more than one-third of TRE-containing genes have more than one TRE when the direction of TRE was not considered. Indeed, calculating Z-scores associated with binomial distributions for TRE-f and/or TRE-r show that genes with only one copy are the most underrepresented category (Z=−38.8, x=740, µ=1776, σ=26.65) while those having greater than two copies are the least underrepresented (Z=−7.38, x=118.4, µ=224, σ=14.4).
Selection of variants of consensus AP-1 recognition sequences for frequency and distribution analysis
Since the AP-1 transcription factors do not only bind to a consensus DNA sequence but also to some DNA sequences that differ slightly from the consensus AP-1 site, 1,2,4,8 variant AP-1 binding sites need to be considered in order to understanding the overall expression of AP-1-dependent genes. Since TRE possess a twofold rotational (or palindromic) symmetry, a mutation at position 1 or 7, 2 or 6, and 3 or 5 can be considered as the same. Thus, there are ten single-base variants of the TRE sequence; however, not all variants can function as an AP-1 recognition site. For example, substitution of a base at position 1, 3, or 5 has been shown to diminish AP-1 sequence-mediated reporter gene expression.
1,2,17 Since there is no conclusion as to how many AP-1 site variants can function as AP-1 recognition sites, it is improbable for us to determine the frequency of every AP-1 recognition site. Therefore, we selected for our analysis two AP-1 site variants that are known to function as AP-1 recognition sites. A-TRE, a TRE variant with A instead of C or G at position 4 (TGAATCA) that is reported to be selectively targeted by jun-fos heterodimer, 8 was selected in our analysis. Since both TRE and A-TRE are palindromic sequences, we thought to include a nonpalindromic AP-1 site variant in our analysis because it may behave differently than the palindromic sequences. We found through a literature search a non-palindromic TRE variant, TGACTAA, 1, 18 and included it in our frequency and distribution analysis.
Frequency of A-TRE and AA-TRE in the human
genome Since the frequencies of TRE-f and TRE-r are about the same (Fig. 1) and our small scale test also showed that the difference of frequency between the two orientations of A-TRE or AA-TRE was less than 0.5% (data not shown), we only analyzed the forward sequences of A-TRE and AA-TRE in the human genome. The overall frequency of A-TRE-f in the human genome is 8.81×10
−5 , lower than the frequency of the random heptanucleotide of the same GC content (9.38×10 −5 ). Pearson correlation analysis indicated that the distribution of A-TRE-f is not correlated with that of TRE-f (γ = −0.369, n=24, P <0.01) (Fig. 5A) . Although the variation of the frequency of A-TRE-f among different chromosomes is larger than that of TRE-f with a range of 5.70×10 −5 to 9.49×10 −5 , the Chi-square test suggested that A-TRE-f still should be considered as uniformly distributed across different chromosomes (χ 2 =2.57, d.f.=1, P >0.05).
The frequency of AA-TRE-f is lower than TRE-f and A-TRE-f in each of the human chromosomes with an overall frequency of 6.07×10 −5 (Fig. 5B) , which is also much lower than the frequency of the random heptanucleotide of the same GC content (9.38×10 −5 ). The distribution of AA-TRE-f in different chromosomes is similar based on the Chi-square test (χ 2 =2.62, d.f.=1, P >0.05). The frequency of AA-TRE-f is not correlated under the Pearson correlation test with that of TREf (γ = −0.496, n=24, P <0.01) (Fig. 5B) , but does show strong correlation with A-TRE-f (γ =0.874, n=24, P <0.01) (Fig. 5C ).
Frequency of A-TRE and AA-TRE in promoter regions
We searched for sequences of A-TRE-f and AA-TREf in the 5-kb promoter region of genes on chromosomes 8, 13, 15, 18, 20, 21, 22 , X, and Y. The frequencies of A-TRE-f and AA-TRE-f were calculated and shown in Fig. 6 . Both A-TRE-f and AA-TRE-f are evenly distributed in the chromosomes analyzed using a Chi-square test (χ 2 =3.65 and 1.30, respectively, d.f=1, P >0.05). Similar to the frequency and distribution of TRE (Figs. 1   and 2 ), A-TRE and AA-TRE occurred much less frequently in the promoter regions in comparison with the whole genome (Figs. 5 and 6 ). The overall frequency of A-TRE-f and AA-TRE-f in the promoter regions is 5.15×10 −5 and 3.43×10 −5 , respectively. These are lower than the frequency of a random heptanucleotide of the same GC content (7.59×10 −5 ). As mentioned earlier, the lower frequency of AP-1 sites in the promoter regions may be a result of natural selection pressure restricting the number of AP-1 sites in the regulatory region of genes. If this is the case, AA-TRE was most affected in the AP-1 recognition sites we have analyzed.
Frequency of A-TRE and AA-TRE in repeat-
masked sequences The repeat sequences selected by repeatmasker program from chromosomes 8, 13, 15, 18, 20, 21, 22, X, and Y were analyzed for the frequency of A-TRE-f and AA-TRE-f. As shown in Fig. 7 , the distribution of A-TRE-f and AA-TRE-f in the repeat-masked regions is similar in the chromosomes analyzed using a Chisquare test (χ 2 = 0.441 and 0.657, respectively, d.f.=1, P >0.05). The overall frequencies of A-TRE-f and AA-TRE-f are 6.19×10 −5 and 4.42×10 −5 , respectively. These are higher than their frequency in the promoter regions (5.15×10 −5 and 3.43×10 −5 , respectively) and lower Table 3 . % of genes containing A-TRE or AA-TRE sequence in their promoter. than their frequency in the whole genome (8.81×10
−5 and 6.07×10 −5 , respectively). The differences are all statistically significant as the P -values of Chi-square tests are all less than 0.05.
Distribution of A-TRE and AA-TRE in human
genes We calculated the percentages of genes that contain A-TRE or AA-TRE in their promoter regions and summarized this data in Table 3 . The percentage of genes containing A-TRE or AA-TRE is 21% and 15%, respectively. These frequencies are about the same as the 22% ) 5000 ] that a uniform distribution would predict.
Because the consensus AP-1 site and other AP-1 recognition sites may function together in a given promoter, we analyzed the percentage of the promoters containing one, two, three, and more than three TRE, A-TRE-f, and/or AA-TRE-f ( Table 4 ). As shown in Table 4 , the number of promoters containing one of the three TREs is only slightly higher than the promoters containing two. Furthermore, the percentage of promoters that contain two or more TREs is greater than the percentage of promoters containing a single TRE element. It should be noted that the percentage of promoters containing single (1×) TRE, A-TRE and/or AA-TRE (Table 4) is even smaller than the percentage of promoters containing 1× TRE (Table 2) on some chromosomes, which is due to the fact that a promoter containing one type of TRE may also contain other TRE variants. The data in Table 4 is incomplete because we cannot include all potential AP-1 sites in our analysis, but it still can be concluded that more than half of all genes contain potential AP-1 recognition sites. Each of the TRE sequences we analyzed appears to be uniformly distributed in different promoters (Tables 1 and 3) , however, the distribution of different AP-1 sites seems not to be independent as they tend to be concentrated on some genes (Table 4) . We have compared all categories in Table 4 with predicted binomial distributions. Z-Scores for both the 1×(−437) and 2× categories (−11.75) are low, suggesting that single or double copies of AP-1 sites are underrepresented in the promoter region. In contrast, Z-scores for the 3×(+4.89) and >3×(+6.32) imply an overrepresentation in promoter regions containing three or more AP-1 sites. Different numbers of AP-1 recognition sites in different genes, then, may be a mechanism that allows for the fine modulation of gene expression by AP-1 transcription factors. 
Comparison of TRE-, A-TRE-and AA-TREdependent gene expression
Since we had analyzed frequencies and distributions of TRE, A-TRE and AA-TRE, we believed a functional comparison of these AP-1 sites would provide important information on the relationship between the different sequences and their regulatory behaviors. To compare the function of these three AP-1 sites in gene expression, we constructed expression vectors of a luciferase reporter under the control of TRE, A-TRE, or AA-TRE, respectively. Since it is known that AP-1 transcriptional activity can be induced in macrophages by LPS, 19 we transiently transfected RAW 264.7 cells with TRE, A-TRE, or AA-TRE reporter plasmids. The reporter gene expression was measured in cells treated with or without LPS (Fig. 8) . The basal expression of TRE-dependent genes was over fivefold higher than that of A-TRE-and AA-TRE-dependent genes. Although LPS stimulation increased gene expression in a time-dependent manner for each of these three reporters, the levels of induction were significantly different. The TRE reporter construct exhibited the highest luciferase expression levels after LPS stimulation. AA-TRE-mediated luciferase expression was about 60% of TRE expression while A-TREmediated luciferase expression was dramatically lower than that directed by TRE or AA-TRE. Due to high basal expression levels, the fold of induction by LPS of the TRE reporter was only one-third of that of the AA-TRE reporter. The differences among TRE, A-TRE, and AA-TRE in mediating reporter gene expression were similarly seen in the cells treated with TPA (data not shown). Thus, the nature of different AP-1 recognition sites as well as their distribution are important factors in the accurate regulation of genes in biological processes.
Discussion
By virtue of their oncogenic origins, 20 the AP-1 factors Jun and Fos play crucial roles in controlling homeostasis of cell growth.
7 They must receive numerous signals to either upregulate or downregulate gene transcription, depending on cellular context and signals. Our analysis of the human genome database revealed that the occurrence of AP-1 binding sites in promoter regions of different genes is less frequent compared with the overall rate of occurrence in the whole genome (Figs. 1-3 , 5, and 6), suggesting that natural selection has eliminated AP-1 binding sites in the promoter region of certain genes. The lower frequency of AP-1 sites in repeat sequences in comparison with the overall rate in the whole genome (Figs. 4 and 7) may be interpreted by the suggestion that interspersed repeats are one of the hotspots for eukaryotic chromosome evolution. 21 Perhaps because the repeats are only loosely related with gene expression, 22 the frequency of AP-1 sites in the repeats is still higher than that in the promoter regions (Figs. 3, 4, 6, and 7) . Although the frequency of AP-1 binding sites in the promoter regions is less than expected, there is still a considerable number of genes that have potential AP-1 recognition sites in their promoter regions based on the observation that about one-third of genes contain the consensus AP-1 site in their promoter regions (Table 2 ). More than half of the genes contain AP-1 recognition sites if variants of the consensus AP-1 site are included (Table 4 ). In addition, two-thirds of the genes that contain potential recognition sites have more than one site (Table 4) . Furthermore, our data indicate that the occurrence of AP-1 sites is not evenly distributed in the human genome and it is likely that these sites have undergone natural selection in order to meet the demand of controlled gene expression in the cell (Table 4) . Since the number and diversity of genes containing AP-1 sites is so large, it is impossible to precisely categorize what types of gene will contain AP-1 sites. Nevertheless, the information regarding the frequency and distribution of AP-1 sites obtained in our analysis has provided some useful information for understanding the overall contribution of AP-1 sites in gene regulation.
A number of AP-1 site variants have been reported to function as AP-1 binding sites and some differ from the consensus TRE sequence by two or more bases. We have limited our analysis to single-base variants of TRE because sites of further deviation behave drastically different from the consensus AP-1 sequence 4 and are beyond the scope of the present study. Although calculating the percentage of genes containing multiple sites of TRE, A-TRE, or AA-TRE cannot give a precise answer as to the percentage of genes containing multiple copies of all AP-1 recognition sites, this analysis does, however, provide solid evidence that at least half of the human genes contain potential AP-1 binding sites in their 5-kb upstream sequence of their transcriptional initiation site. In addition, our data are reliable for interpreting whether AP-1 sites tend to be uniformly distributed or selectively concentrated in particular genes.
It is known that many types of genes, such as oncogenes and genes coding for cytokines and metalloproteinases, are targeted by AP-1 transcription factors; however, it is still not clear whether AP-1 recognition sites are concentrated on certain type of genes compared with the rest of the genome. AP-1 sites are indeed found in cytokine genes, oncogenes, and metalloproteinase genes; however, there are many other types of genes -such as defensins, translation factors, ring-finger proteins -that contain AP-1 sites as well in their promoters. Perhaps as a result of gene duplication, AP-1 sites are often found in all or most members of a gene family. For example, promoters of the 26 solute carrier family members located on chromosomes 8, 13, 15, 18, 20, 22 , and X all contain potential AP-1 recognition sites. Thus, AP-1 sites are more frequently found in certain genes.
The results of various experiments indicate that the number of genes induced by AP-1 factors in any given condition is far less than half the number of genes in the cell. 4, [23] [24] [25] Thus, only a small subset of genes that contain potential AP-1 regulatory sites are activated by AP-1 transcription factors in a particular cell at a given time. This is not surprising since many AP-1 sites may not be accessible due to chromatin structures. Furthermore, gene expression in mammalian cells is controlled by multiple transcription factors, and the binding of the AP-1 transcription factor to a gene may not be sufficient by itself to turn on transcription. Since the sequences surrounding AP-1 sites have been shown to play an important role in directing the orientation of AP-1 transcription factor binding 26 and the interaction of AP-1 transcription factor with other transcription factors, 4 the flanking sequence of an AP-1 site(s) in a given gene needs to be considered. It is clear that whether or not a potential AP-1 site functions in gene expression should depend on the particular cellular context, while the identification of AP-1 sites provides a basis for further analysis.
